The ANITA experiment has registered two anomalous events that can be interpreted as ντ orντ with a very high energy of O(0.6) EeV emerging from deep inside the Earth. At such high energies, the Earth is opaque to neutrinos so the emergence of these neutrinos at such large zenith angles is a mystery. In our paper, we present a model that explains the two anomalous events through a Le −Lτ gauge interaction involving two new Weyl fermions charged under the new gauge symmetry. We find that, as a bonus of the model, the lighter Weyl fermion can be a dark matter component. We discuss how the ANITA observation can be reconciled with the IceCube and Auger upper bounds. We also demonstrate how this model can be tested in future by collider experiments. * arman@puc-rio. 
I. INTRODUCTION
Various observatories taking data on different ranges of the electromagnetic radiation, the current and planned gravitational wave detectors, cosmic ray detectors and, last but not least, neutrino telescopes have together ushered in the multimessenger era for exploring the cosmos as well as for learning about possible exotic properties of the elementary particles. One of the key players in this scene is ANITA (Antarctic Impulse Transient Antenna) [1] which is an air-borne balloon observatory flying over Antarctica. ANITA uses Askaryan radiation from the ice to look for cosmic neutrinos. ANITA has so far detected two events that resemble the signal of ν τ orν τ coming from the zenith angles of 117.4
• ± 0.3
• [2] and 125 • ± 0.3
• [3] with energies of 0.6 ± 0.4 EeV and 0.56
−0.2 EeV, respectively. At such high energies the neutrino nucleus scattering cross section is relatively large, leading to a mean free path much smaller than the size of the chords corresponding to these zenith angles.
As a result, these two events are considered anomalous and call for an explanation. Within the standard model, some possible explanations have been provided in terms of coherent transition radiation from the geomagneticallyinduced current in cosmic-ray air showers [4] , transition radiation from showers crossing the interface between Earth and air [5] and reflection of radio waves, without phase inversion, off Antarctic sub-surfaces [6] (see [7] for a summary). It is also intriguing to entertain the possibility of finding the footprints of new physics in the two anomalous ANITA events. Various beyond standard model scenarios have been developed in the literature to explain these two events [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . A class of these scenarios introduce a new particle which can traverse the Earth with a mean free path larger than that of the standard model neutrinos. The new particle converts to ν τ in the vicinity of the detector giving rise to the signal. The model that we are proposing in this paper belongs to this class of scenarios. We introduce a gauge L e − L τ symmetry with a gauge boson Z of mass 100-200 GeV with a coupling below the LEP bound. We also introduce a pair of Weyl fermions N 1 and N 2 with a coupling of the form Z µN1 γ µ N 2 . The N 1 particles can be produced in the energetic sources such as AGN (Active Galactic Nuclei) via interactions with the electrons inside the source. Another possibility for the N 1 flux production is the decay of superheavy dark matter to theN 1 N 1 pairs. The N 1 particles, being stable, traverse through the cosmos and arrive at the Earth. Thanks to the coupling to the L e − L τ gauge boson, they interact with the electrons inside the Earth converting to N 2 . Subsequently, N 2 decays into N 1 and a pair of leptons including ν τ andν τ which account for the observed events.
The N 1 particles being neutral and stable can be a suitable dark matter candidate. In our scenario, they are produced thermally in the early Universe and their abundance is set by co-annihilation with N 2 via a freeze-out scenario. The small splitting between the N 1 and N 2 masses in our model is natural.
The paper is organized as follows. In sect. II A, we introduce our scenario and determine the range of the relevant parameters that can explain the two anomalous ANITA events while avoiding the bounds from various experiments on the new particles introduced in this scenario. In sect. II B, the full gauge invariant model embedding the scenario is described. In sect. II C, the prospects for testing the model at ILC is described. In sect. II D, we propose some mechanisms for the production of the initial N 1 flux. In sect. III, after a brief discussion of the ANITA events, we discuss the energy and the zenith angle dependence of the emergence of a ν τ andν τ in the vicinity of the detector within our scenario and then proceed with discussing how the IceCube and Auger bounds as well as the non-observation of events from other zenith angles by ANITA can be explained. The summary and conclusion are presented in sect. IV.
II. THE MODEL AND ITS PREDICTIONS FOR COLLIDERS
In this section, we first present the scenario explaining the two events observed by ANITA. We then show how this scenario can be embedded within a gauge invariant model. In the end of this section, we shall discuss the implication of the model for different observations such as the LHC searches. The implications for ANITA and IceCube will be further investigated in the next section.
A. The scenario
In our scenario, there are two new Weyl fermions N 1 and N 2 which couple to a new heavy gauge boson Z as
We take N 2 (with mass M 2 ) to be heavier than N 1 (with mass M 1 ). In order for the scenario to work, Z µ also has to couple to ν τ as well as to the matter fields. An elegant way to obtain these gauge couplings is to gauge L e − L τ with a gauge coupling of g e−τ . As a result, a beam of N 1 in matter can interact with the electrons via a t-channel Z exchange converting N 1 to N 2 as shown in Fig. 1a . Subsequently, N 2 can decay into N 1 plus ν τντ , ττ , ν eνe or eē as shown in Fig. 1b : N 2 → N 1 ν τντ , N 1 ττ , N 1 eē, N 1 ν eνe . The Z 2 parity under which N 1 → −N 1 , N 2 → −N 2 (but the rest of the fields are even) makes N 1 stable.
Similarly to [8] , we assume that some sources produce a flux of N 1 particles. Some examples of such sources can be the following: i ) the decay of very heavy dark matter particles: DM → N 1N1 ; ii ) the collision of electron electron (or electron proton) in the far away energetic sources such as AGNs or GRBs, producing Z which decays to theN 1 N 2 andN 2 N 1 pairs:
FIG. 1. Feynman diagrams of a) e − N1 scattering; b) N2 decay, with l = e, νe, τ, ντ ; c) coannihilation of N1N2 → ll with l = e, νe, τ, ντ .
The energetic flux of N 1 entering the Earth can interact with the electrons via a t-channel Z exchange, as shown in Figure 1a , with a cross section of
where s is a Mandelstam variable: s = 2m e E N1 = TeV 2 (E N1 /EeV). Notice that in Eq. (2) we have neglected the masses of N 1 and N 2 in comparison to their energy. At this approximation, σ(N 1 + e → N 2 + e) σ(N 2 + e → N 1 + e). Notice that for s m
Z ) becomes independent of s. The scattering converts N 1 to N 2 which can subsequently decay into N 1 with a total decay rate at the lab frame (see Figure 1b) given by
The ratio in the last parenthesis is the inverse of the boost factor taking care of time dilation. The decay modes N 2 → N 1 ν τντ and N 2 → N 1 ττ can contribute to the ANITA events. That is about a half of decaying N 2 produce ν τ :
. The probability that an N 1 entering the Earth from an angle corresponding to a chord of length L produces a ν τ orν τ in the vicinity of ANITA (i.e., within the mean free path of ν τ , τ ν = (σ SM ρ/m p ) −1 ) is given by
where γ is the inverse of the mean free path of N 1 (as well as that of N 2 ): γ(x) = n e (x)σ in which n e is the electron number density of Earth's matter. The factor of e
γ(y)dy in the integrand is the probability of N 1 to survive scattering up to x. γdx is the probability of scattering and converting of N 1 into N 2 in the element dx. e
(γ(z)+Γtot)dz is the probability that the produced N 2 does not scatter or decay up to reaching the surface. Considering that each N 2 → N 1 ν τντ or N 2 → N 1 ττ produces a pair of ν τ andν τ , 2B is the average number of ν τ andν τ produced at each N 2 decay. Finally Min[1, Γ tot τ ν ] is the probability that N 2 decays in the vicinity of ANITA. Assuming constant density along the propagation chord, we obtain
P is maximal for Γ tot ∼ 1/τ ν ∼ (500 km) −1 and γ ∼ 1/L ∼ (5000 km) −1 . With these values, P will be a few percent. Let us check whether in our scenario these values can be obtained.
The gauge boson of the L e − L τ symmetry can be relatively light. Since this gauge boson is not coupled to the quarks, from the LHC no bound can be set on m Z . The bound from LEP [27] is
Taking m Z ∼ 100−200 GeV and saturating the bound on g e−τ [i.e., g e−τ = 6.9×10 −2 (m Z /100 GeV)] independently of the value of m Z , we find
which for the Earth mantle with ρ = 4 gr/cm 3 with almost equal proton and neutron composition (i.e., with n e = ρ/(2m p )), the mean free path will be γ −1 = (n e σ)
Taking g N ∼ 3, γ −1 will be close to the chord size. With g e−τ /m Z = 6.9×10 −4 GeV −1 and g N = 3, Γ tot ∼ (500 km)
. With such small splitting in the early universe, N 1N2 as well as N 2N1 pairs can coannihilate, via a s-channel interaction as shown in Figure 1c , with a cross section
so N 1 particles will not overclose the universe and their contribution to dark matter can be O(1).
The energy of N 2 will be about half of the energy of N 1 as the other half would be carried away by the electron on which scattering has taken place. The energies of ν τ andν τ produced at
1, the energy of the final neutrinos will be about ∼ 2 − 3% of the energy of the initial N 1 . The energies of ν τ andν τ from the τ decay after N 2 → N 1 ττ will be further suppressed. For M 2 − M 1 ∼ M 2 , the energy of the final ν e could be E N1 /6 but we should have then devised another annihilation mode for N 1N1 to prevent the overclosure of the universe. Moreover as we shall see in the next subsection, obtaining quasi-degeneracy is more natural than obtaining M 2 − M 1 ∼ M 2 from the model building point of view.
Let us summarize the main features of our scenario. Stable N 1 particles with a mass of ∼ 10 GeV come to Earth from cosmic sources. These N 1 particles scatter on the electrons in the Earth via a t-channel exchange of a Z gauge boson with a mass of ∼ 100 GeV, converting N 1 to N 2 with a mass splitting M 2 − M 1 ∼ GeV. N 2 decays back to N 1 plus a lepton pair via the same interaction. These pairs can be observed by ANITA. The gauge interaction that we have taken is L e − L τ .
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B. The model
Let us now embed the scenario within a UV complete model. The L e − L τ combination that we have chosen to gauge is an anomaly free combination. There is a vast literature on L e − L τ gauge models with a massive Z [26] . We shall not repeat this part. In the following, we will instead build a model that gives rise to the coupling in Eq. (1). Let us define
Under the new U (1), we assign opposite charges to these Weyl fermions. As a result, the U (1) 3 anomaly cancels. Moreover, the gauge interaction takes the desired form:
To reproduce our scenario, we should make sure that N 1 and N 2 are mass eigenstates with a small mass splitting. Let us define c to be a 2 × 2 asymmetric matrix with off-diagonal elements equal to ±1. A mass term of
preserves the gauge symmetry. To create a splitting between M 1 and M 2 we need a mass term of ψ 
Taking m ∼ 10 GeV and Y Φ ∼ 0.5 GeV (or the other way around), the quasi-degeneracy of N 1 and N 2 can be naturally explained. The Φ particle can be produced in the early universe. Taking the Φ particles to be heavier than 2M 2 , they can decay fast toN 2 N 2 andN 1 N 1 avoiding the bounds from cosmology on light degrees of freedom.
The new scalar Φ can have a coupling of form λ HΦ |H| 2 |Φ| 2 with the SM Higgs. This will induce a mixing between the Higgs and Φ. Moreover for 2m Φ < m H , it can lead to a new decay mode for the SM Higgs: At one loop level, a kinetic mixing between Z and the photon will be created with a mixing of O(g e−τ e/(16π 2 )). This will lead to the N 1 scattering off nucleons with a cross section of
The corresponding mean free path will be too large to be relevant.
C. The predictions for the ILC
Let us now discuss the implications of this model for various experiments other than neutrino telescopes. As shown in [27] , Z with values of g e−τ /m Z of interest to us can be easily discovered by ILC via the process e − e + → γZ and subsequently Z → e − e + . In our model g N g e−τ so Z will mainly decay into N 1N2 and N 2N1 . The four-momenta of the initial e − and e + are known and the four-momenta of the photon in e − e + → γZ can be measured. Thus, independent of the final decay products of Z , we expect a peak at (P e − +P e + −P γ ) 2 = m 2 Z . As a result, by measuring the four momenta of γ, the mass of Z can be reconstructed. Moreover, the height of the peak gives g 2 e−τ . N 1 produced at the Z decay will appear as missing energy but N 2 will decay with a decay length of 1 cm (E N2 /20 GeV).
(1/2) of cases, we expect N 2 decays into N 1 ν eνe or into N 1 ν τντ which again appear as missing energy so the signature at ILC will be a γ with (P e − + P e + − P γ ) 2 = m 2 Z plus missing energy.
+ so the signature will be a photon as described above and an e − e + pair at a displaced vertex. The displacement is given by N 2 decay length which gives information on (
The energy of Z will be (s + m 2 Z )/(2 √ s) and the energy of e − or e + will be around
Taking √ s = 500 GeV and 1 − M 1 /M 2 ∼ 0.1, the energies of e − and e + will be ∼ 6 GeV. If the detector can register such low energy electron and positron and measure their energy momentum, independent information on M 1 and M 2 can be extracted. If (M 2 − M 1 )/M 2 ∼ 1 (which means m ∼ Y Φ ), the energies of e − and e + can be much larger and their detection will be guaranteed.
• For M 2 − M 1 2m τ in about 1/3 of cases, the decay leads to τ − τ + pair, e − e + → γZ → γN 1N1 τ − τ + . Similar consideration applies to this mode, too.
Another potential experiment where the effects of Z can show up is the (g − 2) e measurements. The contribution to (g − 2) e will be of order of (g
which is well below the sensitivity of the current experiments [29] .
For neutrino oscillation and low energy neutrino scattering experiments, the effects of the new gauge coupling can be described by the following effective four Fermi interaction
where for g e−τ /m Z saturating the bound in Eq. (6) Let us now speculate about the possible sources of the N 1 flux. In the following, we briefly discuss two examples:
• N 1 produced from the decay of a superheavy dark matter particle. The interaction between N 1 and the dark matter should respect the new U (1) gauge symmetry. An economic solution is to take the dark matter to be a scalar (Φ) singlet under the gauge symmetry with a coupling of form
This implies that the Φ decay will, along the N 1 flux, produce a N 2 flux with exactly the same intensity and spectrum. Since the dark matter is non-relativistic, the energies of N 1 and N 2 will be monochromatic and both equal to m Φ /2.
• N 1 produced in the colliding relativistic jets in sources such as AGNs. Scattering of high energetic e − on e
Here, we again expect equal fluxes for N 2 and N 1 but their energy spectrum will be continuous.
In both cases, N 2 will decay to N 1 and a pair of leptons. Since the mass splitting of N 2 and N 1 is small, the spectrum of the secondary N 1 will be similar to that of N 2 so in practice the flux of N 1 will be doubled. The energy of the produced ν eνe and ν τντ will be smaller by a factor of (M 2 − M 1 )/(2M 2 ). ν e and ν τ will oscillate producing ν µ , too.
III. CONSEQUENCES OF THE SCENARIO FOR ANITA OBSERVATIONS
In this section after a short description of the anomalous events observed by ANITA, we quantify the characteristics (the energy and angular distributions) of the flux of N 1 particles that can give rise to the two anomalous events observed by ANITA and at the same time avoiding the bounds from IceCube and Auger as well as from ANITA itself. We then comment on the observation of more events in the future.
A. The ANITA experiment and the anomalous events
The ANITA experiment is a balloon radio wave detector at Antarctic [1]. Although primarily the experiment was designed to detect the radio wave emission from Askaryan effect in ice due to high energy neutrino interaction [33] , ANITA's detectors can be triggered also by the implusive radio wave emission from the dipole radiation of the charge asymmetry developing in the showers originated by the either down-going or horizontally propagating ultra high energy cosmic rays [34] (the Askaryan effect radiation from the shower is quite small in comparison to the dipole radiation). The charge asymmetry develops in the shower due to the geomagnetic field which at the South Pole is predominately vertical, leading to a lateral charge separation which radiates radio waves with horizontal polarization. Due to the geomagnetic field configuration and the geometry of the detectors, ANITA is sensitive to showers with zenith angle θ z 60
• . However, ANITA is still sensitive to the down-going showers by looking at the reflected radio waves from the ice, although the polarity of the radio signal will be inverted in this case. The man-made (anthropogenic) radio signals mimicking the same polarization as the signal (being either the cosmic rays or the neutrinos) can be rejected due to the small, but non-negligible, horizontal geomagnetic field components at Antarctic. The small horizontal geomagnetic field components produce vertically polarized radio waves such that the proportion of vertical and horizontal polarizations, the direction of the shower propagation and the location of observation have correlation dictated by the precisely known geomagnetic field at the location. Since the ANITA possesses detectors sensitive to both the vertical and horizontal polarizations, the correlation with the geomagnetic field robustly can be measured which provides a powerful handle on tagging the cosmic ray events.
Using the polarity method succinctly described above, ANITA started data taking looking for neutrinos at very high energies (motivated by and in search for the putative cosmogenic neutrino flux) in three flight periods. In two datasets (the flight periods I and III) anomalous events have been detected. The anomalous ANITA events consist of two Earth-emerging showers with almost equal energies: i ) the event #3985267 observed during the ANITA-I flight with a zenith angle of 117.4
• and an energy of 0.6 ± 0.4 EeV [2] ; ii ) the event #15717147 registered during the ANITA-III flight from a zenith angle of 125
• and an energy of 0.56
. The ANITA-I (ANITA-III) event has been tagged as anomalous among a set of 16 (20) ultra high energy cosmic ray normal events expected from down-going cosmic ray showers and on a background of anthropogenic sources and the showers mostly from horizon at the ANITA's balloon location. The probability of the anomalous events being anthropogenic in ANITA-I and ANITA-III are 4 × 10 −4 and 1.2 × 10 −3 (or 0.015 in a conservative analysis), respectively. The two anomalous events, not showing any inverted polarization, are consistent with Earth-emerging showers which should arise from the propagation of neutrinos (ν τ orν τ ) of ∼ EeV energy inside the Earth and their subsequent charged-current interaction close to the surface which initiates a shower. Comparing the mean free path of EeV neutrinos in the mantle, ∼ 500 km, with the propagation chord lengths for the observed zenith angles, ∼ 5800 km and 7300 km respectively for ANITA-I and ANITA-III events, the traversing probability of neutrinos is ∼ 10 −9 . Considering the τ -regeneration inside the Earth, the probability increases to ∼ 10 −7 [13] . The estimated exposure of ANITA is 2.7 km 2 yr sr [13, 35] . Thus, in order to explain the two anomalous ANITA events, within the standard model of particles, an isotropic and diffuse flux of ν on the Earth ∼ 10 7 km −2 yr −1 sr −1 at ∼ EeV is required which is six orders of magnitude larger than the upper limit set by Auger [36] and IceCube [37] experiments. The assumption of transient neutrino sources also cannot explain ANITA events within the standard model of particles. A transient source with a power-law spectrum extending to lower energies ∼ TeV-PeV lead to several events in IceCube, in temporal and spacial correlation with the ANITA events, where no significant excess over the background has been observed [38] . Even a transient and monochromatic flux of neutrinos at ∼ EeV will produce lower energy events in IceCube coming from the secondary flux generated when the ν τ component of the flux traverses the Earth [38] . This conflict calls for some Beyond Standard Model (BSM) mechanism allowing for larger traversing probability, either by converting the incident neutrinos to some sterile particle(s) which can propagate across the Earth without absorption, or by assuming the production of neutrinos from a flux of BSM particles incident on Earth which will produce the neutrinos by interacting with matter deeper in Earth (the model proposed in this paper is in fact a combination of these two). However, the BSM scenarios still face a few challenges. Justifying the lack of ANITA events with larger and smaller zenith angles and energies is one of the challenges. The lack of events in Auger and IceCube experiments poses another challenge. Some resolutions for these challenges have already been discussed in the literature, see [7] for a summary. In the following, we describe how these challenges can be addressed in our scenario.
B. Zenith and energy distributions of the expected events
As discussed in Eq. (4), the expected zenith angle distribution of the Earth emerging events in our scenario depends on two competing factors: the probability of N 2 creation via the scattering of N 1 on the Earth's matter (N 1 + e − → N 2 + e − ) and the survival probability (or lifetime) of the N 2 particles in the propagation from the creation point to the proximity of Earth's surface. Notice that in our scenario the observed neutrinos by ANITA are produced directly from the decay of N 2 which produces ν τ or τ , and so the decay should occur within one or two mean free path lengths of neutrinos at ∼ EeV.
2 The success rate of emerging showers (either ν τ orν τ neutrinos from the N 2 decay inside the Earth or the τ ± from the N 2 decay close to the surface) can be calculated from Eq. (4) using the PREM of the Earth [39] , for the electron number density at any zenith angle and energy. Figure 2 shows the success rate P (multiplied by sin θ z to take into account the solid angle effect) as a function of zenith angle θ z for a flux of N 1 particles with the incident energy such that the emerging neutrino energy is E ν (0.06, 0.6, 6) EeV, respectively for red-dotted, blue-dashed and black-solid curves. The assumed values of model's parameters for all the curves in Figure 2 are shown as benchmark (A) in Table I . In Figure 2 we have assumed E ν E N1 (M 2 − M 1 )/(4M 1 ), so the incident N 1 energies are E N1 = (3.2, 32, 320) EeV, respectively for E ν (0.06, 0.6, 6) EeV. The assumed parameter values in benchmark (A) correspond to Γ −1 tot 42 km (E N1 /EeV) which is comparable with the ν τ mean free path length in the mantle τ ν 800 km at E N1 20 EeV (or E ν 0.5 EeV), and γ −1 7, 730 km which is comparable to the chord size for θ z 130
• . Notice that in the above discussion, and in Figure 2 , we have assumed that a monochromatic neutrino will emerge from the Earth from the incident flux of monochromatic N 1 particles on the Earth. Obviously, this is only a proxy because both the N 2 produced in the interaction of N 1 with the electrons in Earth and the neutrinos produced in the N 2 decay have continuous spectra. Thus, in principle, one has to calculate the success rate P for the spectrum of emerging neutrinos, for a fixed zenith angle, by taking into account the energy distributions. However, the energy, and also the zenith angle, dependence of the ANITA exposure is not available; which means that in order to calculate the number of events in ANITA one has to convolute the integrated success rate with the available (estimated) integrated exposure of ANITA. A shortcut to this procedure is to take the average energies E N2 E N1 /2 and E ν E N2 (M 2 − M 1 )/(2M 1 ) as has been adopted in Figure 2 . 
The success rate P as function of zenith angle θz. The success rate has been multiplied by sin θz which takes into account the solid angle effect. The vertical gray dashed lines show the zenith angles of the observed events by ANITA. The three curves correspond to monochromatic N1 fluxes at the Earth with energies EN 1 = (3.2, 32, 320) EeV, which taking Eν ∼ EN 1 (M2 − M1)/(4M1) respectively produce emergent neutrinos with energies Eν (0.06, 0.6, 6) EeV. For all the curves, the values of the parameters of the model are taken as indicated for the benchmark (A) in Table I .
As can be seen in Figure 2 , the expected number of events close to the horizon θ z 95
• is small. The kink at θ z 150
• corresponds to the chord tangent to the core; i.e., for θ z > 150
• the N 1 crosses the core. The maximal success rate, P 0.012, occurs for θ z (100
At the zenith angles of events observed by ANITA, shown by vertical dashed lines, the traversing probability reaches ∼ 0.01. Assuming an exposure of 2.7 km 2 yr sr for ANITA [35] , this success rate requires an incident flux of N 1 particles on the Earth equal to E N1 φ N1 40 km −2 yr −1 sr −1 at E N1 20 EeV (the φ being the differential flux) to provide 1 event at E ν 0.6 EeV.
Notice that as we discussed in sect. II D, in our scenario there is an accompanying flux of ν e and ν τ along with the N 1 flux from the source. For both production mechanisms discussed in sect. II D, the N 1 and N 2 are produced at the same rate. The subsequent decay of the N 2 particles within the source would create secondary N 1 particles with an energy almost equal to that of the parent N 2 energy (which has the same energy spectrum as that of the primary N 1 flux). Thus, effectively, the total flux of N 1 leaving the source is equal to the primary flux of N 1 plus the flux of N 2 . The flux of neutrinos produced in the N 2 decay is ∼ 1/4 of the total N 1 flux (the total N 1 is two times the N 2 production flux, and the N 2 produces neutrinos in 1/2 of the decays). The energy of the accompanying neutrinos to N 1 particles is O(E N1 (M 2 − M 1 )/(2M 1 )), or two times the Earth-emerging neutrinos from the later interaction and propagation of N 1 particles in the Earth. Taking into account these relative production rates, in all the range of energies of interest, the accompanying neutrino flux is compatible with the upper limits on diffuse neutrino flux. For example, the accompanying neutrino flux to the required N 1 flux for interpreting the ANITA events is E ν φ ν 10 km −2 yr −1 sr −1 at E ν 1 EeV, which is below the upper limit on the diffuse flux of neutrinos from Auger [36] and is marginally compatible with the upper limit E ν φ ν 7 km −2 yr −1 sr −1 at E ν 1 EeV from IceCube [37] .
From Figure 2 , one expects more events in ANITA at θ z ∼ 100
• than the observed θ z = 117
• and 125
• . However, two remarks are in order: i ) the difference between the maximal P and the values of P within the observed range (i.e., between the vertical lines) is not large. In fact, it can be shown that the probability of observing the two registered events at the mentioned zenith angles while observing zero events in smaller zenith angles is ∼ 50%; ii ) the number of background events in ANITA is larger near the horizon and so the sensitivity of detector decreases close to the horizon. At the same time, decreasing P near the horizon justifies the lack of events in the Auger experiment. The zenith coverage of Auger [36] in searches for neutrino is 58.5
• < θ z < 95
• , where the value of P is quite small.
The zenith distribution of expected events, shown in Figure 2 and discussed above, qualitatively depends on the chosen benchmark values of the parameters in the model. Although we are not aiming for obtaining the preferred parameter space of the model for the interpretation of ANITA events, some general considerations can be outlined. Varying the masses of the N 1 and N 2 particles and choosing larger M 2 − M 1 , equivalent to larger Γ tot or smaller N 2 decay length Γ −1 tot , the success rate P decreases and the less-pronounced peak of the P shifts to smaller zenith angles. For example, for M 2 = 10 GeV and M 1 = 8.7 GeV, the largest value of P is ∼ 2 × 10 −3 occurring at θ z ∼ 100
• . For this case, corresponding to the benchmark (D) in Table I , the P dependence on θ z is shown by the black-solid curve in Figure 3 . The flatter zenith distribution of P for the black-solid curve is a consequence of the dependence of Γ tot , and the independence of γ, on M 1 and M 2 . The Γ tot and γ have the same dependence on the couplings g N and g e−τ , and as far as the bounds in Eq. (6) are satisfied, the increase in g N can be compensated by a decrease in g e−τ and vice versa. Keeping g e−τ fixed, increasing (decreasing) g N leads to an increase (decrease) of P (the same is true for fixing g N and changing g e−τ ). For example, in the benchmark (B) of Table I which is depicted by the blue-dashed curve in Figure 3 , with g N = 2, P scales down by a factor of ∼ 3. The m Z dependence is milder in the region of interest. For example, setting m Z = 200 GeV while g e−τ saturates the bound in Eq. (6), the zenith distribution of P scales down by a factor of ∼ 2 while the peak of P shifts to larger zenith θ z 110
• . This case, corresponding to the benchmark (C), is shown by the red-dotted curve in Figure 3 . Let us emphasize that although the success rate P decreases for some choices of the parameters, as is the case for the three benchmarks (B,C,D) of Table I illustrated by the three curves in Figure 3 , these benchmarks may even better accommodate the ANITA observation. For example, the benchmark (C) corresponding to red-dotted curve in Figure 3 has a peak even at larger zenith angles compared to Figure 2 . The smaller probability means that for the interpretation of ANITA events a larger incident flux of N 1 on the Earth is required; which can lead to an accompanying neutrino flux larger than the upper limit of Auger [36] and IceCube [37] on the diffuse flux of neutrinos. However, by considering the transient sources, which needs to be assumed as we discuss next, the upper limit on diffuse flux does not apply anymore.
The energy dependence of the success rate P in benchmark (A), for various zenith angles, is shown in Figure 4 . As in the previous figures, in Figure 4 also we use the approximation
Notice that the distributions in Figure 4 , after exchanging E ν with E N1 , have to be convoluted with the incident flux of N 1 and the exposure of ANITA to obtain the energy distribution of events, where the latter is not provided by the ANITA collaboration. The flux of N 1 generally has a power-law dependence on the energy, for a power-law energy distribution of accelerated particles in the source, or is monochromatic when the N 1 particles are produced in the dark matter decay. The P dependence on the neutrino energy is flat in E ν ∼ (0.1 − 1) EeV, where the two ANITA events are located, and decreases in lower and higher energies. For a power-law flux of N 1 particles, the expected number of multi-EeV events will be much smaller than the sub-EeV events, for all the zenith angles, due to the decrease in both P and the incident flux of N 1 . The expected number of sub-EeV events depends on the exact energy-dependence of the N 1 flux and it can be comparable to the number of events in (0.1 − 1) EeV.
With the zenith and energy distributions of expected Earth-emerging neutrinos in our scenario in Figures 2 and 4 , the lack of events in Auger and the observed values of zenith angle and energy in ANITA can be justified. However, the Figure 2 , the success rate P as function of zenith angle θz, for the various benchmark values of the parameters of model, labeled and shown in Table I . non-observation of the corresponding up-going events in IceCube experiment still requires a justification. Especially since the diffuse exposure of IceCube, estimated as 54 km 2 yr sr in [13] , is one order of magnitude larger than ANITA, at least a factor of ∼ 20 larger number of events have to be detected in IceCube. However, the main contribution to the IceCube's large exposure is the data-taking time, ∼ 8 years compared to ∼ 1 month for ANITA, while the effective area of ANITA is much larger than the IceCube's effective area. In [8] the transient acceptances of ANITA and IceCube have been calculated and compared, which shows comparable values at ∼ EeV. Thus, reconciling the ANITA and IceCube in our model requires the assumption of transient sources, as in any other model proposed up to now. Assuming the transient sources, the non-observation of events in IceCube in 1 EeV has a chance of 50% [8] .
Based on Figures 2 and 4 , we can qualitatively predict the future observations in ANITA and IceCube in our scenario. Assuming the transient sources, the rate of observation depends on the rate of transients and the angular distribution of transients. Having two events in ANITA it is not possible to quantify the rate of transients, although one can assume a rate of ∼ 1 yr −1 . Notice that the rate can be very different especially since the data-taking periods of ANITA are very short and happen once per few years and so no decisive conclusion can be drawn based on the ANITA observation of two events in 2006 and 2014. For the angular distribution of the transients we can assume an isotropic distribution. For IceCube, with ∼ 8 years of data-taking, each transient if it happens at θ z ∼ 100
• − 130
• can lead to ∼ 1 event (see also the figure 3 in [8] ). At larger zenith angles the expected number of events in IceCube is smaller based on Figure 2 . Improvement in the background rejection in ANITA near the horizon can lead to observation of events in θ z 100
• , although the exact expectation depends on the background rejection level. We expect to observe the future events mainly in the energy range E ν ∼ (0.1 − 1) EeV, while the lower energy E ν 0.1 EeV will be populated especially for θ z ∼ 100
• − 120
• and for steep flux of N 1 extended to lower energies.
IV. CONCLUDING REMARKS
We have proposed a model for explaining the two anomalous neutrino events observed by ANITA. The model adds two Weyl fermions N 1 and N 2 with a naturally small mass splitting. These two fermions couple to a new gauge boson Z that converts them to each other. A Z 2 symmetry stabilizes the lighter one, N 1 . The gauge boson Z couples to the first and the third generations of leptons through a L e − L τ gauge symmetry. A flux of N 1 , produced via the e − e − interaction at a far away source or from dark matter decay, arrives at the Earth, then interacts via the new gauge symmetry with the electrons inside the Earth and converts into N 2 . Subsequently, N 2 decays into N 1 and a pair of leptons with 1/3 (or 1/4 depending on whether M 2 − M 1 > 2m τ or M 2 − M 1 < 2m τ ) of chance of producing ν τ and ν τ . The energies of final ν τ andν τ will be about 2-3 % of the initial energy of N 1 . In summary, if the value of the gauge coupling of Z to the electron saturates the bound from the LEP, the probability of the initial N 1 leading to the emergence of a ν τ orν τ in the vicinity of the Earth surface is O(1%). This may be compared to the suppression of 10 −7 − 10 −6 for the flux of standard ν τ andν τ of similar energy crossing the Earth.
The dependence of the probability on the zenith angle is shown in Figure 2 . The suppression of the probability close to the horizon (i.e., θ z = 90
• ) explains the bounds from Auger. Moreover the lack of events with zenith angles different than what is observed can also be explained. However, considering the much larger exposure of IceCube compared to that of ANITA, the lack of events observed by IceCube requires some explanation. Like [8] , we may argue that the source were transients to explain the tension; however, the occurrence of such transients do not need to be very rare. Any transient occurring at the θ z ∼ 100
• would lead to ∼ 1 events in IceCube. At larger zenith angles the expected number of events decreases.
Dependence of the predictions of the proposed model on the assumed benchmark for parameters has been demonstrated in Figure 3 (see Table I for various benchmarks). For various benchmarks of the parameters the model retains qualitatively the desired zenith-dependence of P . The energy spectrum of emerging neutrinos is almost flat in the range E ν ∼ (0.1 − 1) EeV (see Figure 4) . At E ν 1 EeV the model predicts a small success rate for emerging neutrinos; while for E ν 0.1 EeV, depending on the energy dependence of the N 1 flux, future observation of events is expected (mainly in IceCube since ANITA loses sensitivity for 0.1 EeV).
In our model, Z does not couple to quarks so the LHC cannot probe it but at the ILC, Z can be produced via e − e + → γZ . We have discussed the distinctive signatures of Z at the ILC and have suggested strategies to determine the parameters of our model. If ILC does not find any Z with characteristics described in this paper, a stronger bound will be set on the gauge coupling, reducing the probability of N 1 interacting in Earth and leading to ν τ orν τ events at ANITA. This in turn means that to explain the ANITA event, we need a higher flux of N 1 and therefore a more powerful source.
The N 1 particles in our model are stable and electrically neutral and can contribute to the dark matter content of the Universe. We show that the co-annihilation with N 2 sets the abundance, preventing the overclosure of the Universe.
